individual variation in response to sleep deprivation. 9 To address this question, we conducted a multisite effectiveness study in which we evaluated clinical status outcomes before and after 3 months of routine clinical care that included measurement of CPAP adherence during the entire follow-up period. This multisite international study capitalized on patient heterogeneity with regard to average nightly use of CPAP, in order to estimate relationships between the likelihood of achieving a "normal" value on salient clinical measures of sleepiness and functional status and the "dose" of CPAP treatment received (i.e., hours of CPAP use per night). Because there is no consensus regarding which outcomes are primary with regard to the assessment of CPAP treatment response, we chose those deemed most applicable to the clinical management of OSA-subjective sleepiness ( ). By evaluating the nightly duration of CPAP relative to obtaining normal values in those impaired on each of these measures, we provide data that the clinician can employ in determining optimal treatment response within the context of treatment goals, e.g., to reduce daytime sleepiness, improve daily functioning, or both.
MATERIALS AND METHODS

Participants
Participants attended 1 of 7 sleep disorders centers in the United States and Canada. Selection criteria included diagnosis of OSA, age 21 to 60 years; AHI of 15 or greater, and a candidate for CPAP. Participants were excluded if they had a history of coexisting pulmonary disease, congestive heart failure, cerebrovascular accident, or psychiatric illness; used sedative-hypnotic medication; had another sleep disorder; or were older than 60 years because of common age-related changes that could affect response to treatment such as central apneas. The study was approved by the Institutional Review Board at each institution.
Polysomnography
Because this was an effectiveness and not a treatment-efficacy study, methods used in routine clinical practice were employed. Patients participating in the study underwent either an attended in-laboratory, full-night, diagnostic polysomnogram followed by a titration polysomnogram to determine the therapeutic level of CPAP pressure or a split-night study (n = 38 out of n = 149) during which the diagnosis of sleep apnea was made in the first half of the night followed by a determination of effective CPAP pressure during the second half of the night. Each site conducted the polysomnogram in accordance with their routine procedures and guidelines established by the American Academy of Sleep Medicine 13 and scoring in accordance with the standard methods of Rechtschaffen and Kales 14 using electroencephalogram, electrooculogram, electromyogram, and electrocardiogram. Airflow was recorded using nasal thermisters, thoracic abdominal respiratory movements were documented by respiratory inductance plethysmography, and arterial oxygen saturation was measured continuously using a finger oximeter. The study was initiated prior to the demonstration of the superiority of nasal pressure to assess respiratory events. 15 The AHI was computed from the number of obstructive apneas and hypopneas (> 50% reduction in airflow) according to standard criteria. 16 
Adherence Monitor
Participants received the CPAP device and mask prescribed for them by the physician managing their sleep apnea. Adherence to CPAP treatment was documented using an overt monitor attached to the CPAP machine. 6 Using an external monitor allowed the physician and participant choice of devices as well as the utilization of software to monitor adherence that we have developed and has known validity and reliability. 6 This monitor employs a microprocessor that utilizes an algorithm for the detection of maskon pressure. The CPAP device electrical cord was plugged into the external monitor so that, when the monitor was turned on, the CPAP device was turned on simultaneously. Drops in therapeutic pressure greater than 5 cm and lasting longer than 10 seconds were documented as a mask-off event. The monitor logged the time and date of 4 events-machine on/off and mask on/off-for each 24-hour period. Thus, the duration of therapeutic pressure delivery per day and number of missed days of use could be determined. Only durations of 20 minutes or longer per daily episode were considered CPAP "use," and adherence was calculated as the mean of the hours of daily use (including 0 hrs of use) over the entire follow-up period up to the day before posttreatment testing. Participants were informed in advance that their CPAP use was being monitored.
Assessments
Demographic data, medical history, and sleep-habit information on each subject were obtained using standard instruments.
Subjective daytime sleepiness was measured using the ESS.
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The ESS is a well validated and reliable instrument that has been employed extensively in sleep apnea research to measure a patient's perceived likelihood of falling asleep in a subset of daytime activities. A score is produced by summing the responses for each item, with scores ranging from 0 to 24. Scores greater than 10 have a sensitivity of 93.5% and specificity of 100% to distinguish pathologic from normal daytime sleepiness. 10 This, therefore, was the cutpoint used to define normal subjective sleepiness.
Objective daytime sleepiness was measured employing the research application of the MSLT. 11 The MSLT measures, polysomnographically, the time required for the participant to fall asleep (latency time) in a 20-minute period, when attempting to do so. The test was administered at 2-hour intervals during the test day starting at 10:00 AM for a total of 4 test bouts, with the reported value calculated as the average latency across the test bouts. Sleep latency of less than 5 minutes is the conventional value for defining pathologic sleepiness; while values of 10 minutes or longer are considered normal. 11 Values at least equal to 5 but less than 10 minutes are considered in the "grey" zone. 10, 11, 17 Because there were too few participants in our study with an MSLT value less than 5 minutes (n = 59), we chose a criterion of 7.5 minutes, which is midway between these 2 values (i.e., we considered abnormal to be < 7.5 minutes versus normal ≥ 7.5 minutes). This provides a sample size for this outcome of 85 participants who had an MSLT of less than 7.5 minutes before therapy.
Functional status, a component of quality of life, was measured using the FOSQ. The FOSQ is a 30-item Likert-style question-naire with 5 domains that examine the impact of being sleepy or tired on the conduct of daily activities. 12 It has established validity and reliability. A Total score is generated from the mean item scores for each subscale and ranges from 5 to 20. A Total score value of less than 17.9 was chosen as the cutpoint for abnormal scores on the FOSQ because this was the mean of a sample (n = 20) of normal individuals free of any sleep disorders verified through polysomnography (unpublished data) and because the mean Total score of the participants in this study (N = 147) at baseline was 14.1 (3.7), making 17.9 approximately 1 standard deviation above the mean. Thus, using 17.9 as the cutpoint excludes participants with values above the mean among normal individuals and above the mean plus 1 standard deviation among participants with moderate to severe sleep apnea.
Procedures
Prior to their diagnostic or split-night polysomnogram and initiation of CPAP, after providing informed written consent, participants completed a day of testing using a predetermined schedule of test administration. Testing began with the administration of the demographics questionnaire, the ESS, the FOSQ, and the MSLT, in addition to a test battery (results not reported here) that included the Pittsburgh Sleep Quality Index, Profile of Mood States, and Sickness Impact Profile Scale, followed by assessments of neurobehavioral performance (Psychomotor Vigilance Task, Digit Symbol Substitution Test, Probed Memory Recall Test) and the Stanford Sleepiness Scale. After the day of testing, participants were provided their CPAP devices with the adherence monitor attached. Following 3 months of treatment, participants returned to the laboratory, where they underwent the same testing protocol that they had experienced prior to treatment. Participants were instructed to obtain their usual duration of sleep and use their CPAP devices as they had the previous nights.
Statistical Analyses
The sample characteristics were evaluated using summary statistics with values given as mean (standard deviation), medians, and ranges, or proportions as appropriate. In the determination of the effective dose necessary to return those with pathologic values to normal functioning, only participants with "abnormal" response values for each outcome prior to treatment were included in the dose-response analyses. As described in Methods, baseline impairment was defined separately for each outcome variables: ESS greater than 10, 10 MSLT less than 7.5 minutes, and FOSQ Total score less than 17.9. Within these subsamples, a participant was defined to have responded to treatment if his or her posttreatment value no longer fell into the measure-specific "abnormal" range. The coefficient of variation of average nightly hours of CPAP use (CV = 41.4% for the entire sample and 46.8%, 51.2%, and 47.8%, respectively for the subsamples used in the ESS, MSLT, and FOSQ analysis) confirmed that the variability in CPAP nightly duration was sufficient to permit analysis of CPAP-use dose response with respect to hours of nightly use.
To examine the relationship between CPAP duration and outcome, a piecewise regression analysis 18 was performed for each of the 3 cohorts with impairments as defined by ESS (n = 106), MSLT (n = 85), and FOSQ (n = 120) using the definitions described above. Posttreatment outcomes were assessed as continuous variables. The objective of these analyses was to investigate whether there were threshold values for minimum mean CPAPuse values beyond which greater improvements in sleepiness and function should be expected. This analysis estimates separate dose-response relationships of participants with mean CPAP use below a specified threshold (first segment) and above a specified threshold (second segment). Since it is unreasonable to expect discontinuities in dose-response curves, a "join" model was estimated in which the final expected response value in first segment is forced to be equal to the first expected response value in the second segment. The slopes are allowed to vary between segments. For each outcome variable, join points from 1 to 7.5 hours of mean CPAP use in 0.5-hour increments were evaluated, and the first join point that maximized explained variance was selected for each clinical outcome. Complementary probit analyses 19 were also undertaken to test for the presence of a linear dose response in terms of clinical outcomes defined as the elimination of baseline impairment. Analyses were again done using each outcome variable separately and with the different subsamples of participants that met impairment criteria for each pretreatment outcome. These analyses provided estimates of the sensitivity of increases in the likelihood of returning to normal functioning as CPAP mean nightly duration increased. F-tests 18 were used to determine if the join-point dose-response model was significantly better than a simple linear dose model.
RESULTS
Participant Characteristics
Prior to their baseline polysomnogram, 300 participants were recruited and provided written consent. Of those 300, 124 were eliminated because they did not meet the study inclusion criteria (e.g., an AHI < 15, n= 21), 10 did not return for follow-up testing, and CPAP adherence data for 17 participants were lost due to technical reasons (monitor transformer breakage, monitor battery failure, corruption of electronic data during data transfer) resulting in 149 study participants (130 men, 19 women). Only participants having complete pretreatment and posttreatment data and also abnormal scores at baseline comprised the sample employed for each analysis, ranging from 85 to 120 participants for the different outcomes. Thus, the sample sizes were 106 for the analysis of response to treatment using the ESS, 85 for the MSLT, and 120 for the FOSQ. Drawing from the data of the 149 participants, 137 had complete baseline data on all 3 outcome measures. Of these, 69 (50.4%) were impaired pretreatment on all 3 variables, and 5 (5.8%) were not impaired on any of the 3 measures after 3 months of therapy. Of the 128 participants with complete posttreatment data, only 14 participants (10.9%) remained impaired across all 3 measures, and 41 (32.0%) did not have values indicating impairment on any of the 3 outcome variables.
The demographic characteristics for these participants and their degree of sleep apnea are summarized in Table 1 . Additionally, 87.2% were white, 8.8% were African American, 79.2% were married, 92.4% completed high school, and 33.8% completed at least 4 years of college. Thus, the sample studied was predominantly white, male, middle-aged, and quite obese and, in general, had severe sleep apnea. Six participants were included in the cohort (n = 149), whose age values were deviations from the protocol but were not felt to be sufficiently clinically important to warrant exclusion from the analyses. One participant was less than 21 years of age (age 19) and included in the analyses for all 3 outcomes. The age of 6 participants was greater than the study criteria of being younger than 60 years. Of these, 2 participants' data were not included in any analyses because their values were normal at baseline or the data were incomplete. Among the remaining 4 participants, all were younger than 66 years of age; the data of 1 were included in all the analyses, and the other 3 had abnormal values on at least 1 variable and their data were included in that analysis.
Relationship Among Outcome Measures
As expected, there was a strong relationship between the 2 subjective measures at baseline and after treatment (ESS Score and FOSQ: baseline r = -0.61, P <.0001; posttreatment (r = -0.64, P < 0.0001). The relationship was less robust between the MSLT, an objective measure, and the 2 subjective measures (ESS: baseline r = 0.31, P = 0.0002; posttreatment r = 0.23, P = 0.008; FOSQ: baseline r = 0.17, P < 0.05; posttreatment r = 0.11, P = 0.21).
CPAP Adherence
The distribution of mean CPAP hours per night is summarized in Table 1 . Mean (SD) CPAP use was 4.7 (2.1) hours, with a range from 0 to 8.1 hours. Median use was 5.3 hours. As shown in Table  1 , there were similar patterns of CPAP use in the subsamples for each outcome variable, with the MSLT subgroup (value < 7.5 minutes) having the lowest proportion of participants using CPAP for each adherence threshold. The Pearson correlation between mean duration of nightly CPAP use and proportion of nights when CPAP was used was r = 0.89 (P < 0.0001).
In this study, there were participants who did not have excessive sleepiness even at the time of initial assessment. That this occurs is well known and has led to the concept of the sleep apnea syndrome. 16 The CPAP use in those whose values for each of our 3 outcome variables were normal or abnormal at baseline is shown in Table 2 . There was a statistically significant difference in CPAP use (P = 0.009) comparing those with baseline values on the MSLT of less than 7.5 minutes and those with values of 7.5 minutes or greater. This was not the case for the comparison of those with normal or abnormal values on the ESS (P = 0.44) or the FOSQ (P = 0.14).
CPAP Dose Response
To examine the relationship between hours of CPAP use and response to therapy for each outcome, we restricted attention to the The slope was statistically significant (P < 0.0001). The root mean square error and R 2 were 5.01 and 0.14, respectively. The probability of having a posttreatment ESS score of 10 or less was 0.42 even with no CPAP use (the response rate with 0 dose is sometimes referred to as the natural response rate in probit analyses). However, even in those with an average of 8 hours of use of CPAP per night, about 20% of these participants remained excessively sleepy by self-report.
Objective Daytime Sleepiness
Similar results were obtained for the assessment of objective sleepiness using the MSLT, albeit with some important differences. Among 136 participants with MSLT assessments before and after treatment, 85 (62.5%) had excessive daytime sleepiness as determined by an MSLT value of less than 7.5 minutes. Of these 85 participants, 30 (35.3%) had values of 7.5 minutes or longer following treatment, which was a much smaller percentage of participants "normalized" in terms of the MSLT, compared with the percentage for normalized with respect to ESS. The mean (SD) hours of CPAP use among those whose posttreatment MSLT values were at least 7.5 minutes was 5.1 (1.7) hours per night, Table 3 .
at baseline. In these subsets, mean baseline values did not significantly differ between these individuals where the value of the outcome became novel after therapy, i.e., those in whom this did not occur-responders and nonresponders. This was so for all 3 outcome variables (ESS score: responders = 16.6 (3.1), nonresponders = 17.0 (3.5), P = 0.60; MSLT: 4.2 (1.8), 3.5 (1.9), respectively, P = 0.13; FOSQ: 14.1 (2.5), 13.3 (2.6), respectively, P = 0.08).
Subjective Daytime Sleepiness
Among 137 participants with ESS assessments before and after treatment, 106 (77.4%) had a pretreatment ESS Score greater than 10, i.e., were excessively sleepy by self-report. Of these 106 participants, 70 (66%) had ESS score of 10 or less after treatment, i.e., were normal based on current criteria. 10 The mean (SD) hours of CPAP use among those participants whose posttreatment ESS score was 10 or less was 5.1 (2.1) hours per night, whereas the mean hours (SD) of CPAP use among those who remained excessively sleepy was 4.0 (2.3) hours per night (P = 0.02). Thus, among participants who reported excessive sleepiness at baseline, as measured by the ESS, those whose sleepiness resolved after treatment used CPAP, on average, about 1 hour more per night than those whose subjective sleepiness did not resolve.
The likelihood of response (ESS score ≤ 10) was not dependent on how close to the threshold (i.e., > 10) participants were prior to treatment. Among the 106 participants with pretreatment ESS scores above 10, pretreatment mean ESS score did not significantly differ (P = 0.60) between the 70 participants whose subjective sleepiness resolved (mean = 16.6, SD = 3.1) and the 36 participants whose subjective sleepiness did not resolve (mean = 17.0, SD = 3.5). Table 3 (row 1) summarizes the percentages of participants among those who were excessively sleepy at baseline and who subsequently had a normal ESS score (≤ 10) after treatment in different categories of hours of CPAP use. The percentage of participants who normalized their self-report sleepiness on therapy rose with increased CPAP use, being 41.2% in those using CPAP on average of 0 to 2 hours per night and 92.9% in those using CPAP on average of more than 7 hours per night.
We performed piecewise regression analyses with a single knot in order to determine if there was a specific threshold CPAP use value, above which further increases in CPAP use were not expected to result in further substantial improvements. These analyses complement the "responder" analyses summarized in Table 3 compared with 3.9 (2.4) hours per night in those whose posttreatment MSLT values remained less than 7.5 minutes (t-test for groups with unequal variance P = 0.01). Thus, among participants presenting with objectively determined excessive sleepiness, participants whose sleepiness "resolved" (i.e., had an MSLT ≥ 7.5 minutes after CPAP treatment), used CPAP, on average, about 1.2 hours longer per night than those whose objective sleepiness did not "resolve" (i.e., had posttreatment MSLT values of < 7.5 minutes). Again, the pretreatment "closeness" to the threshold of 7.5 minutes did not differ significantly between those whose objective sleepiness resolved or did not resolve with CPAP treatment. The mean (SD) pretreatment MSLT values were 4.1 (1.8) minutes in the group whose posttreatment MSLT was 7.5 minutes or longer (n = 30) and 3.5 (1.9) minutes for the MSLT in those whose posttreatment MSLT remained less than 7.5 minutes (n = 55) (P = 0.13). Table 3 summarizes the percentages of participants whose posttreatment MSLT went to longer than 7.5 minutes with different amounts of CPAP use when it had been 7.5 minutes or less before treatment. Among 16 participants with less than 2 hours use per night, only 2 (12.5%) achieved an MSLT value of longer than 7.5 minutes after treatment. In contrast, among 40 participants with 5 or more hours of use per night, 17 (43%) achieved values of 7.5 minutes or longer. The optimal knot for the MSLT was located at 6.0 hours. This is also reflected in the "responder" analysis illustrated in Figure 1 . However, the null hypothesis of linear dose response could not be rejected (F 3,81 = 0.78, P = 0.51). The expected posttreatment MSLT linear dose response was estimated to be 3.75 (SE = 1.08) + 0.64 (SE = 0.22) × mean hours of use. The slope was statistically significant (P = 0.005). The root mean square error and R 2 were 4.49 and 0.09, respectively. The natural response rate, i.e., the proportion of individuals whose postreatment MSLT rose to longer than 7.5 minutes with no CPAP use, was 0.14.
Functional Status
The final outcome we assessed was functional status as measured by the FOSQ. 12 The relationship between hours of CPAP and improvement in this outcome was similar to the overall characteristics of response observed with the other self-report measure (the ESS). Among 147 participants with FOSQ assessments before and after treatment, 120 (81.6%) had sleep-related diseasespecific functional impairment, as determined by a FOSQ Total score less than 17.9. Of these 120 participants, 68 (56.7%) had FOSQ Total scores of 17.9 or greater following treatment. Responders used their CPAP almost 1 hour longer (5.1 [1.9] hours) than nonresponders (4.1 [2.3] hours)(P = 0.01)
The mean (SD) pretreatment value of the FOSQ Total score for those whose values for the score was 17.9 or greater after treatment, i.e., responders, was 14.1 (2.6), compared with those who did not normalize (mean [SD] = 13.3 [2.6] ). This difference was not statistically significant (P = 0.08). Table 3 , row 3, summarizes the percentages of participants who went from baseline functional impairment to a normal FOSQ Total score with different hours of CPAP use. Among 18 participants with less than 2 hours of use per night, 6 (33.3%) achieved a normal score of 17.9 or greater after treatment. In contrast, among 62 participants with at least 5 hours use per night, 42 (67.7%) achieved a score of 17.9 or above. For those whose functional status was impaired prior to treatment, the optimal knot was located at 7.5 hours of mean CPAP use. However, given the small number of participants with mean CPAP use above 7.5 hours (n = 8) and since the plots of predicted values for models employing knots of 7 or 7.5 hours were very similar, we interpreted the 7-hour solution. Using 7 hours, the null hypothesis of linear dose response was rejected [F 3,116 = 4.04, P = 0.009]. Therefore, the linear doseresponse relationships differed above and below 7.0 hours. Below 7 hours, expected posttreatment FOSQ Total score value linear dose response was estimated to be 17.5 (SE = 0.25) + 0.33 (SE = 0.12) × mean hours of use. The slope was statistically significant (P = 0.008). In contrast, above 7 hours, the significance of the slope was P = 0.06, and its parameter estimate was negative, suggesting no further functional gains after 7 hours of mean use. Thus, because 17.5 + 0.33 × 7 = 19.8, this value is the predicted value for more than 7 hours of use. The overall segmented doseresponse curve had a root mean square of 2.56 and an R 2 equal to 0.077. Similar to the findings regarding subjective sleepiness, the estimated probability of response with no CPAP use was relatively large (approximately 0.33).
We explored whether initial severity of sleep apnea, as measured by the AHI, or change in weight were factors in determining the relationship between hours of use and the probability of normalizing each of the 3 outcomes we assessed, especially in those with little or no CPAP use. We did not find evidence that severity of disease played a role in determining this relationship (data not shown). There were too few participants who experienced weight loss to determine the relationship between hours of use and achieving a normal score for each of the 3 outcomes. However, of those who used CPAP for 2 hours or less per night and achieved normal values, only 1 of 7 participants with normal ESS scores reported weight loss, none with normal MSLT values, and 2 of 6 with normal FOSQ Total scores. We also considered other putative variables, baseline value, age, baseline body mass index, sex, and education that may influence the estimation of the dose response slope. Compared with the original model, the addition of these variables produced only a 15% decrease in the point estimate in the probit slope coefficient for normalization of the ESS (point estimate 0.1365 -0.1161), which is marginal with respect to reflecting clinically significant confounding. Adding these variables to the model for the MSLT produced little movement in the point estimate (0.1619 -0.1652). This demonstrated that these variables were not confounding factors when estimating the dose response of normalization of the MSLT to varying CPAP use. Finally, for the Total score of the FOSQ, the point estimate was increased from 0.1366 to 0.1891 when the selected variables were added, suggesting that the original model point estimate may have slightly underestimated the dose-response slope.
DISCUSSION
In this multisite effectiveness study conducted as part of routine clinical care, we examined the relationship between hours of CPAP use and effectiveness of therapy relative to 3 widely used measures. We identified thresholds above which further improvements in sleepiness and function were less likely relative to the nightly duration of CPAP use and the presence of a dose-response relationship. Our findings indicate that a greater percentage of participants impaired prior to the initiation of therapy will achieve decreased objective and subjective daytime sleepiness and enhanced functioning to normal levels with longer nightly CPAP durations. However, what constitutes adequate use varies between outcomes, and, although continuous gains are achieved for objective and subjective daytime sleepiness with greater use, it appears no further benefit in functional status is realized with use beyond 7 hours. Improvements in these outcomes following no CPAP use (14% -30% of the sample) in those impaired before treatment were more likely when outcomes were measured with subjective rather than objective measures.
Our results that better outcomes occur, for the most part, with more hours of nightly CPAP use are consistent with those from controlled trials. 20, 21 Stradling and Davies reported that CPAP use of more than 5 hours per night resulted in scores within the normal range for the ESS, whereas this linear relationship did not exist for those participants treated with subtherapeutic therapy (0.5 -1.0 cm H 2 O). 21 Moreover, in a retrospective study, Campos-Rodrigues and colleagues showed significant differences in 5-year survival rates between those with mean CPAP use of less than 1 hour per day and those using CPAP 1 to 6 and more than 6 hours per day. 22 Increased use was associated with longer survival. In a recent report, Zimmerman and associates found that memoryimpaired participants with sleep apnea were 8 times more likely to test within the normal range with an average of 6 hours per night of CPAP use, compared with those who used it 2 hours or less. 23 Also congruent with our results are experiments in healthy adults showing robust differences in daytime sleepiness between individuals with 4 and 6 hours and 6 and 8 hours of sleep duration, suggesting that the more time in bed up to 8 hours results in decreased daytime sleepiness. 24, 25 The mean nightly duration of CPAP use in our study is typical of previous studies of CPAP use. 26 For each of our 3 outcomes, those who normalized on therapy used CPAP on average 1.1 (95% confidence interval [CI] 0.2 -2.0), 1.1 (95% CI 0.2 -2.1), and 1.0 (95% CI 0.2 -1.8) hours per night more than those who did not for the ESS, MSLT, and FOSQ, respectively. All of these differences were significant. Group difference standardized effect sizes, or magnitude of change, for mean CPAP use comparing responders to nonresponders were 0.49, 0.54, and 0.47, respectively, for these 3 outcomes, indicating moderate and clinically meaningful change.
However, it's noteworthy that there was a substantial minority of participants who were effectively treated with shorter durations of CPAP use. The proportion of participants who benefited with less than 2 hours use of CPAP was 41% and 33% for the ESS and FOSQ respectively, compared with 12.5% for the MSLT. Moreover, even among those using CPAP for more than 7 hours per night, there was a significant proportion that remained excessively sleepy despite what appears to be optimal therapy, i.e., that had residual sleepiness. The bases for such incongruities between CPAP use and achieving normal levels of sleepiness and function at both ends of the spectrum of adherence remain to be explained. We explored several possible explanations for this phenomenon. Foremost, was the proximity of the baseline pretreatment value to the selected threshold defining impairment. If the pretreatment measure was close to the cutpoint defining normal, a relatively minor change could result in the posttreatment value being normal. However, we did not find this to be a factor in determining who responded or did not respond to CPAP therapy. Pretreatment values for all our outcomes were similar, and not significantly different, between those who normalized their value for each outcome variable, as compared with those who did not. It is likely that factors that can influence sleepiness, but that are unrelated to sleep apnea severity, such as caffeine intake, may play a role in variability in sleepiness-related outcomes.
Even in the group that used CPAP for a mean nightly duration of 7 or more hours, the percentage that achieved normal values was less than 100% for all outcomes. Why residual sleepiness, both subjective and objective, remains despite ideal CPAP use is unclear. Our study provides an estimate of the prevalence of residual sleepiness in such optimally treated participants. As displayed in Table 3 , 8 of 36 participants (22.2%) who displayed subjective pretreatment daytime sleepiness and 12 of 23 (52.2%) who manifested objective pretreatment daytime sleepiness still had sleepiness after using CPAP for 6 or more hours per night. That is, a fifth to a half of the participants we studied had evidence of residual sleepiness, depending on which outcome was assessed, despite what is reasonably regarded as optimal therapeutic use of CPAP. The presence of residual daytime sleepiness after CPAP treatment has been reported previously. 2, [27] [28] [29] Possible reasons for the observed residual daytime sleepiness that have been proposed have included decreased sleep duration, 27 the number of nights CPAP was used, 30, 31 the presence of arousals, 27, 31, 32 residual respiratory events 27, 31 that are attributable to inadequate pressure 31 and permanent alteration of sleep-promoting mechanisms or permanent change in the endogenous waking drive. 31 The presence of excessive daytime sleepiness in objectively monitored CPAP use of more than 7 hours' duration makes the explanation of inadequate sleep duration or CPAP use unlikely, although we recognize that CPAP adherence is not necessarily a reliable measure of the duration of continuity of actual sleep obtained by patients. 31 Lamphere and colleagues found that there was significant improvement in excessive daytime sleepiness comparing 1 and 14 days of CPAP use but no further improvement after 42 days of use. 30 Because our follow-up evaluation of the outcomes following initiation of CPAP therapy was conducted after at least 90 days of treatment, it is also unlikely that inadequate duration of treatment is a factor in explaining the observed residual sleepiness. The contribution of arousals and residual respiratory events cannot, however, be excluded because we did not perform an overnight sleep study at follow-up due to protocol burden. We note that, in the initial titration, CPAP was adjusted to remove not only respiratory events, but also snoring and snoring-related arousals. Residual sleepiness might also be related to the effects of obesity itself. As a group, the participants in this study were quite obese with a mean body mass index of 38.1 kg/m 2 . Obesity, even in the absence of sleep apnea, is associated with excessive sleepiness, 33, 34 a phenomenon that has been attributed to visceral adipocyte production of cytokines, which can be sleep promoting. 34, 35 Another possible explanation for residual sleepiness comes from studies in which mice are exposed to chronic intermittent hypoxia simulating the hypoxia associated with severe sleep apnea. Mice exposed over a period of weeks to intermittent hypoxia for 10 hours per day during the lights on (inactive) period demonstrate increased sleep amounts and shortened sleep latency even when tested 2 weeks after termination of the intermittent hypoxic exposure. 36 This implies permanent effects and evidence of oxidative damage with, for example, carbonylation, which has been shown in a number of wake-active neuronal groups. [36] [37] [38] Thus, irreversible injury of neurons that promote wakefulness that results from the chronic intermittent hypoxemia in sleep apnea is a possible explanation for residual sleepiness in treated obstructive sleep apnea. Although there are similarities between the results for subjective and/or objective measures of sleepiness, there are also important differences. As discussed, the probability of a positive response for low use of CPAP is much lower for the MSLT than for the 2 subjective measures. Moreover, there is a much higher proportion of patients who do not normalize their MSLT even with maximal CPAP use than for the ESS and FOSQ. Differences between effects of CPAP on objective and subjective sleepiness have been shown previously. 39 Metanalysis of the results of CPAP treatment trials have shown that CPAP has much larger effects on self-report than on objective sleepiness. 39 The basis of the different effects of CPAP use on subjective and objective measures of sleepiness may lie in the role of demand characteristics. Demand characteristics are pervasive in assessment and refer to all the study factors that influence participants' beliefs about what constitutes being a "good" subject, which is usually tied to their perception of pleasing the investigator or not "failing" the study. Because subjective reports (no matter how authoritative the scale) are especially prone to the effects of demand characteristics, it is possible that the association between limited CPAP use and subjective sleepiness was a reflection of participants trying to please the investigator, or at least to avoiding the appearance of "failing" the study. This is much easier to do when rating oneself on a scale or answering questions than when undergoing objective testing. Hence, demand characteristics are a likely parsimonious explanation for why subjective ratings change in clinical studies, even more so than do objective measures of sleepiness.
Certain aspects of our study design are worthy of comment. This study was designed as an effectiveness study to investigate what normally occurs in routine clinical practice. Thus, the study, by design, did not contain a control group. The design was based on the belief, which turned out to be correct, that there would be sufficient variability in hours of CPAP use in this large sample of patients that we could examine the relationship between hours of CPAP use and treatment effectiveness, when judged using end-points measuring different aspects of excessive sleepiness. We performed responder analyses in which we categorized individuals as impaired or not impaired, i.e., dichotomous outcomes, as well as assessed outcomes as continuous variables in piecewise regression analyses. Both the piecewise regression and probit analyses were limited to individuals who were abnormal at baseline, allowing these approaches to provide complementary information among an identical sample of subjects. Impairment and nonimpairment were based on specific thresholds for each of our outcome measures. For the ESS (normal = ≤ 10), there are normative data in the literature. 10 The MSLT is more complex, since there are limited normative data in the literature, and, by convention, pathologic sleepiness is less than 5 minutes, normal is longer than 10 minutes, and a gray zone is between 5 and 10 minutes. 10, 11 We used 7.5 minutes, i.e., a point midway in the gray zone area. Although our specific results are obviously dependent on the threshold of normalcy used, they are not particularly sensitive to this. To show this, we reran our analysis for each outcome with different values of the threshold defining normal, i.e., ESS (8 and 12), MSLT (5 and 10 minutes), and FOSQ Total score (17.8 and 17.0). Although some of these additional analyses were limited by the number of participants, we found that all of the major results that we report were not particularly sensitive to the choice of threshold. Specifically, we found the following for all analyses (data now shown, but available on request): a relationship between probability of normalization and hours of use of CPAP for all 3 outcome measures; a higher proportion of participants who normalize with limited CPAP use for subjective measures, as compared to the MSLT; a proportion of participants who do not normalize for each outcome measure even when average CPAP use is 7 hours or more per day; the proportion who do not normalize with this high CPAP use is higher for the MSLT than for the other self-report measures.
Another limitation of our study was the lack of objective data regarding sleep duration prior to testing, as this may have affected the treatment response. However, we were more interested in the results of chronic rather than acute CPAP use. Considering total sleep time the night prior to the assessment of outcomes would reflect acute use, limiting the examination of the relationship between pattern of adherence over time and salient outcomes.
In conclusion, this study shows a clear relationship between effectiveness of CPAP therapy and hours of use of CPAP in routine clinical practice, adding to the growing evidence that increased nightly use leads to better clinical outcomes. There are important clinical messages from this study. First, from a population sense, functions for predicted probabilities of normalization show that more CPAP use is associated with greater relief of sleepiness (no matter how it is measured). However, there are patients who normalize on therapy with somewhat limited CPAP use. The actual need for CPAP in terms of reversing sleepiness is likely to be individually determined. We cannot assume that an individual using CPAP only 4 hours per night is inadequately treated for sleepiness outcomes; we also cannot assume that the patient is effectively treated. Thus, it is important to evaluate treatment effectiveness by assessing level of adherence in conjunction with treatment outcomes. There are, in contrast, individuals who remain excessively sleepy despite more than 7 hours of CPAP use per night. Moreover, the determination of a recommended nightly duration of CPAP use is also dependent on which outcome is viewed as the most reflective of clinical improvement.
